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ABSTRACT
A significant correlation between FeKα line energy and X-ray spectral slope has been discovered among
radio-quiet active galactic nuclei. The ionization stage of the bulk of the FeKα emitting material is not
the same in all active galactic nuclei and is related to the shape of the X-ray continua. Active galactic
nuclei with a steep X-ray spectrum tend to have a fluorescence FeKα line from highly ionized material. In
the narrow-line Seyfert 1 galaxies with steeper X-ray spectrum (ΓX & 2.1), the FeKα line originates from
highly ionized material. In the Seyfert 1 galaxies and quasars with flatter X-ray spectrum (ΓX . 2.1),
bulk of the FeKα emission arises from near neutral or weakly ionized material. The correlation is an
important observational characteristic related to the accretion process in radio quiet active galactic nuclei
and is driven by a fundamental physical parameter which is likely to be the accretion rate relative to the
Eddington rate.
Subject headings: accretion, accretion disks – galaxies: active – X-rays: galaxies
1. INTRODUCTION
X-ray emission of active galactic nuclei (AGNs) consists
of a power-law with a photon index of ∼ 1.9 (Mushotzky
1997), a soft X-ray excess component at lowest X-ray ener-
gies (Singh, Garmire, & Nousek 1985; Arnaud et al. 1985),
a strong emission line from the K-shell of iron at ∼ 6.4 keV
(see e.g., Tanaka et al. 1995), and the Compton-reflection
hump in the energy range of ∼ 20− 100 keV and peaking
at ∼ 30 keV (George & Fabian 1991; Reynolds 1999). This
basic form of the X-ray spectrum is easily explained in the
framework of disk-corona models (e.g., Haardt & Maraschi
1993), where an optically-thin corona irradiates a dense
and thin accretion disk surrounding a super-massive black
hole (SMBH). The optically thick accretion disk is of-
ten assumed to be weakly ionized and radiatively efficient
therefore cold. The broad FeKα line at ∼ 6.4 keV arises
due to fluorescence of neutral iron in the inner regions of
the accretion disk (Reynolds & Fabian 1997). The FeKα
line and the Compton reflection both arise due to irradi-
ation of coronal hard X-ray emission onto the disk sug-
gesting that any change in the FeKα line emission, due to
some change in the accretion disk or corona, must be ac-
companied by the corresponding change in the reflection
hump and therefore the observed shape of the X-ray con-
tinua. The energy of the FeKα emission depends on the
ionization stage of iron and ranges from 6.4 keV for Fe I
to 6.9 keV for Fe XXVI. Indeed the rest-frame energy of
the Kα emission from different AGNs has been observed
to cover a range of ∼ 6.4 − 6.9 keV (see Table 1). Also
the photon index of the X-ray spectra of AGNs ranges
from ∼ 1.7 to ∼ 2.5. Hence it is of great importance to
investigate whether the above two parameters are related.
2. THE DATA
The 2−10 keV photon indices, the rest-frame energies of
FeKα emission, and the width of the Hβ line of 32 AGNs
were obtained from the published literature and are listed
in Table 1. For most of the AGNs which were observed
with ASCA, the peak energy of the FeKα was derived
by using a single Gaussian. Some AGNs, observed with
XMM-Newton, showed clear evidence for the presence of
both the narrow and broad components of the FeKα emis-
sion. For these AGNs, line energies of narrow and broad
components are listed in Table 1. All the AGNs listed in
Table 1 show strong FeKα emission. These AGNs were
selected based on the following criteria: (i) classified as a
radio-quiet and a type 1 AGN, (ii) the equivalent width of
the FeKα line (EWFeKα) is & 100 eV or the line has been
resolved to be broad (FWHM > 10000 km s−1) or the line
is rapidly variable, and (iii) the rest-frame energy of the
FeKα line has been determined with an accuracy better
than 5%. The second criterion is important to exclude
AGNs which show only the narrow unresolved FeKα line
arising outside of the accretion disk. It is thought that
the unresolved narrow component of the FeKα line with
equivalent widths < 100 eV is unlikely to arise from the
inner regions of the accretion disk (Reynolds 2001). Such
narrow unresolved components have been observed with
Chandraand XMM-Newtonfrom a number of AGNs (e.g.,
Kaspi et al. 2001; Pounds et al. 2001; Turner et al. 2002),
and are found to have their peak energy at 6.4 keV with
equivalent width of ∼ 50 − 100 eV. These AGNs are not
part of the sample listed in Table 1. Here the aim is to
study the FeKα emission originating from the accretion
disk.
3. THE CORRELATION
Figure 1(a) shows the plot of the power-law photon in-
dex against the rest-frame line energy of the FeKα emis-
sion for the AGNs listed in Table 1. For AGNs which
show narrow as well as broad components of FeKα line,
the line energies plotted are the rest-frame energy of the
broad components which were derived by using a Gaussian
or disk-line model of Fabian et al. (1989) or Laor (1991).
Some AGNs show strong red wings in their FeKα line pro-
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2Table 1
X-ray spectral slope, rest-frame energy of FeKα emission, and width of Hβ line for 32 radio-quiet AGNs
Object ΓX EFeKα
a Modelb Source of FWHMHβ Ref.
(2− 10 keV) single narrow broad data ( km s−1
( keV) ( keV) ( keV)
I Zw 1 2.37+0.05
−0.05
6.77+0.11
−0.17
– – PL+GA ASCA 1250 1,24
PHL 909 1.11+0.11
−0.11
6.40+0.18
−0.22
– – PL+GA ASCA 11000 1,25
HE 1029−1401 1.83+0.05
−0.05
6.62+0.16
−0.19
– – PL+GA ASCA 7500 1,26
PG 1114+445 1.71+0.06
−0.06
6.43+0.06
−0.06
– – PL+GA ASCA 4570 1,24
PG 1116+215 2.09+0.05
−0.05
6.76+0.08
−0.08
– – PL+GA ASCA 2920 1,24
PG 1211+143 2.06+0.05
−0.05
6.41+0.09
−0.16
– – PL+GA ASCA 1860 1,24
Mrk 205 1.80+0.04
−0.04
– 6.39+0.04
−0.04
6.67+0.10
−0.10
PL+GA+DL XMM-Newton 3150 2,25
RBS 1259 2.36+0.05
−0.05
6.76+0.29
−0.21
– – PL+GA ASCA 2200 1,27
PG 1416−129 1.78+0.02
−0.02
6.54+0.16
−0.18
– – PL+GA ASCA 6110 1,24
NGC 3516 1.56+0.04
−0.04
6.40+0.00
−0.07
– – PL+DL ASCA 4760 3,28
NGC 4051 1.84+0.05
−0.03
6.30+0.24
−0.24
– – PL+GA ASCA 1120 5,29
PG 1501+106 1.60+0.03
−0.04
6.38+0.17
−0.23
– – PL+GA ASCA 5470 6,24
PG 1534+58 1.68+0.02
−0.03
6.34+0.16
−0.19
– – PL+GA ASCA 5340 6,24
Mrk 359 1.85+0.04
−0.04 6.43
+0.03
−0.03 – – PL+GA XMM-Newton 480 7,30
Mrk 335c 2.29+0.02
−0.02
6.97 – – PL+DL XMM-Newton 1720 8,28
E 1821+643 1.76+0.05
−0.05
6.49+0.06
−0.06
– – PL+DL Chandra 5900 12,31
MCG-6-30-15 1.94+0.02
−0.02
6.95+0.00
−0.15
– – IR+DL XMM-Newton 2400 13,32
Mrk 279 2.03+0.02
−0.02
6.50+0.08
−0.08
– – PL+DL ASCA 6200 14.33
Mrk 841 2.02+0.06
−0.04
6.41+0.05
−0.06
– – PL+GA XMM-Newton 5470 15,24
Akn 564 2.538+0.005
−0.005
6.99+0.01
−0.13
– – PL+DL ASCA 865 16,29
Ton S180 2.44+0.02
−0.02
6.71+0.12
−0.14
– – PL+GA ASCA 1085 17,29
Fairall 9 1.73+0.07
−0.07
6.38+0.03
−0.03
– – PL+GA XMM-Newton 6500 18,34
PG 0947+396 1.95+0.10
−0.10
6.35+0.13
−0.13
– – PL+GA BeppoSAX 4830 19,24
PG 1115+407 2.40+0.13
−0.13
6.69+0.11
−0.11
– – PL+GA BeppoSAX 1720 19,24
PG 1352+183 2.30+0.16
−0.16
6.43+0.16
−0.16
– – PL+GA BeppoSAX 3600 19,24
PG 1244+026 2.35+0.10
−0.10
7.0+0.10
−0.10
– – PL+GA ASCA 830 20.24
Mrk 766 2.09+0.02
−0.02
6.6+0.1
−0.1
– – PL+DL XMM-Newton 850 21,27
Mrk 478 1.98+0.03
−0.03
6.37+0.070.07 – – PL+GA ASCA 1450 1,24
RX J0148-27 1.99+0.17
−0.17
6.5+0.2
−0.2
– – PL+GA ASCA 1050 20
NGC 3783 1.60+0.02
−0.02
– 6.40+0.01
−0.01
6.29+0.03
−0.03
PL+2GA XMM-Newton 5672 22,35
MCG-2-58-22 1.58+0.08
−0.08
6.330.18
−0.07 – – PL+GA ASCA 6360 3,30
NGC 7469 1.78+0.07
−0.07
6.39+0.06
−0.05
– – PL+GA ASCA 3460 3,28
aRest-frame central energy of the FeKα line
bSpectral model used to derive the photon index and iron line energy. PL = power-law continuum, GA = Gaussian line profile, DL = disk-line
model of either Fabian et al. (1989) or Laor (1991)
cThe central energy of FeKα line was fixed in the disk-line model. The Laor model gave a best-fit energy of 7.2± 0.2 keV (Gondoin et al. 2002)
References. — (1) Reeves & Turner (2000); (2) Reeves et al. (2001); (3) Nandra et al. (1999); (4) Done, Madejski, Z˙ycki (2000); (5)
Guainazzi et al. (1996); (6) George et al. (2000); (7) O’Brien et al. (2001); (8) Gondoin et al. (2002); (9) Wang, Zhou, & Wang (1999); (10)
Matt et al. (2001); (11) Yaqoob et al. (1996); (12) Fang et al. (2002); (13) Wilms et al. (2001); (14) Weaver, Gelbord, & Yaqoob (2001); (15)
Petrucci et al. (2002); (16) Turner et al. (2001); (17) Romano et al. (2002); (18) Gondoin et al. (2001); (19) Mineo et al. (2000); (20) Vaughan
et al. (1999); (21) Page et al. (2001); (22) Blustin et al. (2002); (23) Salvi et al. (2002); (24) Boroson & Green (1992); (25) Zheng & O’Brien
(1990); (26) Wisotzki, Reimers, & Wamsteker (1991); (27) Grupe et al. (1998); (28) Crenshaw (1986); (29) Ve´ron-Cetty, Ve´ron, & Gonc¸alves
(2001); (30) Osterbrock & Shuder (1982); (31) Corbin (1991); (32) Winkler (1992); (33) Osterbrock (1977); (34) Hawley & Phillips (1978);
(35) Evans (1988)
file due to relativistic effects. Such redshifted lines are not
fitted by a Gaussian but are well described by disk-line
models of Fabian et al. (1989) or Laor (1991). In such
cases, the appropriate rest-frame energy of the FeKα line
is that derived from the disk-line models.
As can be seen in Fig. 1(a), the 2−10 keV X-ray photon
index appears to be correlated with the rest-frame energy
of the FeKα line. In order to quantify this correlation, the
Spearman’s rank-correlation coefficient (ρ) was calculated.
For the sample of 32 AGNs, ρ is found to be 0.69 for 30
degrees of freedom. This correlation is statistically signif-
icant at a level of > 99.9% as inferred from the Student’s
t-test.
The 2 − 10 keV photon index is plotted against the
FWHM of the Hβ line in Figure 1(b) for the sample
listed in Table 1. The two parameters are strongly anti-
correlated (ρ = −0.67) with a significance level > 99.9%.
This correlation is the same as that reported by Brandt
et al. (1997) and verifies their result. In Fig. 1(b),
AGNs with FWHMHβ . 2000 km s
−1 are the narrow-
line Seyfert 1 galaxies(NLS1; Osterbrock & Pogge 1985).
Some NLS1s e.g., NGC 4051, Mrk 359, Mrk 478, have pho-
ton indices similar to that of broad-line Seyfert 1 galaxies
(BLS1s; see Dewangan et al. 2002 for the definition).
In Figure 1(c), the rest-frame energy of the FeKα emis-
3Fig. 1.— (a) The 2 − 10 keV power-law photon index (ΓX ) plotted against the rest-frame line energy of the FeKα emission (EFeKα) for
the 32 AGNs listed in Table 1. A strong correlation between ΓX and EFeKα is evident. (b) The 2 − 10 keV power-law photon index (ΓX)
plotted against FWHM of the Hβ line. NLS1 galaxies occupy the region with FWHMHβ . 2000 km s
−1. (c) The rest-frame energy of the
FeKα line plotted against the FWHM of the Hβ line. NLS1 galaxies with ΓX < 2.1 are shown as open circles.
sion is plotted against the width of the Hβ line. NLS1
galaxies show a large diversity in their FeKα line ener-
gies. However, the FeKα emission arises from near neu-
tral material only from those NLS1 galaxies with flatter
X-ray spectrum (ΓX < 2.1) similar to that of BLS1 galax-
ies. The energy of the FeKα emission appears to be anti-
correlated with the width of Hβ line (ρ = −0.44) at a
significance level of 98.6%. Excluding the 6 NLS1 galaxies
with ΓX < 2.1, the correlation improves to a significance
level of 99% (ρ = −0.71).
4. DISCUSSION
A significant correlation between the 2− 10 keV photon
index and the rest-frame energy of the FeKα line has been
discovered in radio-quiet AGNs. This correlation adds to
the many correlations found earlier in AGNs. Boroson &
Green (1992) found numerous correlations between optical
line widths and strengths. Most notably was the correla-
tion between the width of the Hβ line and strength of Fe II
emission. They identified a driving parameter “eigen vec-
tor 1” through principal component analysis. Boller et al.
(1996) discovered the correlation between the 0.1−2.4 keV
photon index and the width of the Hβ line. Brandt et al.
(1997) reported that the ASCA2 − 10 keV photon index
and the width of the Hβ line are also correlated. Further,
ROSATand ASCAstudies have confirmed that Seyfert 1s
with steeper power-law index appear to be more variable
on shorter time scales (Koenig et al. 1997; Fiore et al. 1998;
Turner 1999). These correlations involving X-ray and op-
tical observations suggest that the same eigen vector 1 is
responsible for the width of the Hβ line, strength of the
FeII emission, shape of the X-ray continuum, X-ray vari-
ability, and the energy of the FeKα line. The eigen vector
1 is identified as the accretion rate relative to the Edding-
ton rate (m˙ = M˙
M˙Edd
) (see e.g., Pounds et al. 1995; Brandt
2000). This implies that the extreme line energy of the
FeKα emission of AGNs is also due to a higher fractional
accretion rate m˙.
NLS1 galaxies show a large diversity in their X-ray prop-
erties (Fig. 1; Boller et al. 1996; Brandt et al. 1997) and
can be divided into two groups – (i) NLS1s with X-ray
properties similar to that of BLS1s e.g., Mrk 359, and (ii)
NLS1s with extreme X-ray properties – steeper spectrum,
FeKα emission from highly ionized material e.g., Akn 564.
NLS1s in the former group are likely to have smaller black
hole masses but similar accretion rates as that of BLS1s.
The exceptionally narrow (FWHM∼ 100 km s−1) forbid-
den lines, FWHMHβ ∼ 500 km s
−1, ΓX ∼ 1.85, and
EFeKα ∼ 6.4 of Mrk 359 favor such a scenario. NLS1s with
extreme X-ray properties are probably the AGNs with Ed-
dington or super-Eddington accretion rates and/or smaller
black hole masses.
It is unlikely that the bulk of the FeKα emitting ma-
terial is moving in a preferred direction suggesting that
Doppler effect is not responsible for the observed range of
∼ 6.4 − 7 keV of EFeKα. For a given emissivity law and
location of the FeKα emitting material, the diversity in
the line profile, due to gravitational effects, is limited by
the range of inclination angles. For type 1 AGNs, grav-
itational effects may result in the observed range of line
energies if the FeKα emitting material is highly ionized
but its location with respect to the SMBH varies substan-
tially among AGNs. In this case, the disk-line fits to the
FeKα line should always result in the rest-frame line en-
ergy of ∼ 6.9 keV which is not the case (see Table 1). The
energy of the FeKα line depends on the ionization stage
of iron and the observed range could easily be produced
by neutral to H-like iron. The straight forward interpre-
tation of the correlation between ΓX and EFeKα is that
the accretion disks of AGNs with steeper X-ray continua
are more ionized. Observations of H-like oxygen, nitro-
gen, carbon emission lines fromMCG-6-30-15 and Mrk 766
(Branduardi-Raymont et al. 2001) supports the above pic-
ture. NLS1s with steep X-ray spectrum seem to posses
highly ionized accretion disks. In the disk-corona mod-
els, the 2− 10 keV continuum is thought to arise from the
corona, while the FeKα line arises due to fluorescence in
the accretion disk. The question then is how the ionization
state of the accretion disk affects the slope of the X-ray
continuum.
A steeper primary X-ray continuum can be produced by
comptonization of soft photons in a cooler corona (Pounds
et al. 1995). If the observed 2 − 10 keV continuum of
AGNs is dominated by the primary emission, then the
observed correlation between ΓX and EFeKα imply that
cooler coronae are associated with ionized accretion disks.
It is known that BLS1s and NLS1s with steep X-ray spec-
trum have comparable X-ray luminosities. If the geometry
of the disk-corona systems in the two types of Seyfert 1s
is similar, it is unlikely that photo-ionization of the disk
material will result in different stages of ionizations. There
can be other processes e.g., thermal ionization in the inner
4regions of a disk with high accretion rates. Such disks emit
soft X-ray excess emission which can maintain the corona
at a lower temperature (Pounds et al. 1995).
Under certain conditions, observed 2 − 10 keV contin-
uum can be dominated by the Compton reflection compo-
nent. The strength and the shape of the reflection compo-
nent depends on the solid angle subtended by the accretion
disk onto the corona and ionization state of the reflector.
The spectral shape of the reflection component depends
on the competition between the two physical processes –
(i) photo-electric absorption of the coronal photons by the
atoms in the accretion disk, and (ii) Compton scattering
of coronal photons by the electrons in the disk. If the
disk is fully ionized then the Compton scattering domi-
nates over the photo-electric absorption. Under these con-
ditions, hard as well as soft X-ray photons are scattered
and the reflection hump is expected to extend to the soft
X-ray regime. If the accretion rate is high, it is likely that
the disk is radiation pressure dominated (Fabian et al.
2002). Under these conditions, the disk can be clumpy, ir-
regular or ribbed (see Lightman & Eardley 1974; Guilbert
& Rees 1988). If the corona lies close to the disk, the solid
angle subtended by the disk onto the corona can be much
larger than 2pi and coronal photons can be reflected many
times before they escape. The net effect is that the result-
ing spectrum is dominated by reflection and considerably
steep (Ross et al. 2002). Thus a highly ionized irregular
disk could give rise to both the steep X-ray spectrum and
the Kα emission from highly ionized iron. Both of these
conditions are most likely to occur when the accretion rate
is high and close to the Eddington rate.
5. CONCLUSIONS
A correlation between the photon index of the 2−10 keV
X-ray continua and the central energy of the FeKα emis-
sion has been discovered for the radio quiet AGNs. This
correlation suggests that AGNs with steep soft X-ray con-
tinua have highly ionized accretion disks.
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